The synthesis of the first three members of the family of the squarylferrocenes is reported. Their preparation involved both the traditional squaric acid chemistry as well as the Liebeskind-Srögl cross-coupling.
Introduction
Ever since its discovery fifty years ago, the chemistry of ferrocene has developed dramatically. 1 Its remarkable and versatile properties have allowed its use in a wide variety of applications such as homogeneous asymmetric catalysis, organic synthesis, chemical sensors, molecular electronics, and so on. 2 As part of a program of developing novel ferrocene derivatives to be used as precursors of ligands in homogeneous catalysis, polymers, DNA intercalators, etc., we considered the preparation of ferrocene derivatives that contain a moiety capable of undergoing easy transformation into a variety of functionally useful systems. Squaric acid esters, and the cyclobutendiones prepared from them, have proven to be extremely useful for the synthesis of organometallic, aromatic, heteroaromatic, and non-aromatic polycyclic products.
3 Thus, we envisioned that the cyclobutendione moiety, once attached to ferrocene, would be a suitable starting material for the synthesis of the aforementioned ferrocene derivatives. Our results were first disclosed in a preliminary format in 2001. 4 Zora et al., 5 building on our initial disclosure, recently published chemistry very similar to ours. We therefore more formally describe herein our studies of the synthesis of "squarylferrocenes".
Results and Discussion
The 1,1´-bis-substituted derivative 4 was prepared as illustrated in Scheme 1 based on the wellknow chemistry of the squaric esters. Addition of 1,1´-bis-lithioferrocene 1, 6 to two equivalents of di-i-propyl squaric acid ester 2, gave a mixture of diastereomeric adducts 3. Acid-catalyzed rearrangement of the crude reaction mixture in dichloromethane gave 4 as a deep red solid in 67% overall yield . In a similar fashion, the monosubstituted analogue 5, was synthesized in 59% yield according to Scheme 2 using the conditions reported by Kagan 7 to selectively generate monolithioferrocene from ferrocene. In this case, the best results were obtained after a trifluoroacetic anhydride quench. Having been able to place one and two squaric ester units onto the ferrocene molecule, our next goal was to connect two ferrocene units to a single cyclobutendione moiety. It was envisioned that the Pd-catalyzed, Cu(I)thiocarboxylate-mediated cross-coupling of either organoboranes or organostannanes with thioethers, i.e., the Liebeskind-Srögl cross-coupling, 9 would be suitable to achieve the synthesis of 3,4-bisferrocenyl-3-cyclobutene-1,2-dione 6.
The crystalline bisarylthiocyclobutendione partner 7 was prepared in a straightforward manner in 90% yield, as shown in eq. 1, starting from 3,4-dichloro-3-cyclobutene-1,2 dione 8. 
, 90%
Then, 7 was coupled with ferrocenyltributylstannane 11 according to eq. 2 to produce 6 in 72% yield 12 under mild reaction conditions. In conclusion, we have developed a simple and efficient method to prepare derivatives 4, 5 and 6 using readily available starting materials. The Pd-catalyzed, Cu(I) mediated cross-coupling of thioethers and ferrocenyltributylstannane complemented conveniently the traditional squaric acid chemistry for the synthesis of the first three members of the family of "squarylferrocenes". The scope and limitations of the Liebeskind-Srögl cross-coupling reaction for the preparation of more elaborate analogues of this series is underway, as well as the applications of the "squarylferrocenes" in the synthesis of polymeric materials, ion sensors and new dinuclear organometallic compounds and will be published in due course. Analytical thin-layer chromatography was performed on Merck silica gel plates with F-254 indicator. Visualization was accomplished by UV-light. THF was dried over activated 4Å molecular sieves. TMEDA was distilled from sodium and stored over activated 4Å molecular sieves. All reactions were performed under a dry N 2 atmosphere in oven-and or flame-dried glassware.
Experimental procedures 1,1′-Bis{3-(4-isopropoxy-3-cyclobutene-1,2-dioxo)} ferrocene (4). To a mixture of n-BuLi
(hexane solution, 6.78 mmol) and TMEDA (1.0 mL, 6.78 mmol) was added a hexane (20 mL) solution of ferrocene (0.5 g, 2.7 mmol) via cannula under nitrogen at 25 °C. The mixture was stirred for 12 h, after which a bright yellow precipitate of 1,1´-bislithioferrocene 1 was formed.
The suspension was left to sediment and then washed with dry hexane (3 x 20 mL). The resulting yellow solid was suspended in dry hexane (20 mL). To a cold (-78 °C, dry ice-acetone) THF (20 mL) solution of 3,4-diisopropoxy-3-cyclobutene-1,2-dione (1.07 g, 5.4 mmol) was added drop-wise the hexane suspension of 1,1´-bislithioferrocene via cannula under nitrogen. The mixture was stirred for 30 min and then quenched with a saturated NH 4 Cl (15 mL) aqueous solution at -78 °C. The mixture was allowed to reach 25 °C and was then extracted with ether (3 x 20 mL); the combined organic fractions were dried with anhyd. 3-Isopropoxy-4-ferrocenyl-3-cyclobutene-1,2-dione (5). To a cold solution (0 °C, ice-bath) of ferrocene (1.4 g, 7.56 mmol) in THF (10 mL) under N 2 was added t-BuLi (6.43 mmol) via syringe. The mixture was stirred at 0 °C for 20 min, and then added to a cold solution (-78 °C, dry ice-acetone) of 3,4-diisopropoxy-3-cyclobutene-1,2-dione (0.75 g, 3.78 mmol) in THF (10 mL) via cannula. The mixture was stirred at -78 °C for 30 min, after which the starting dione was consumed and the 1,2-adduct was formed (R f = 0.34, 20% EtOAc/hexane). Then, the temperature was gradually increased to 25 °C and the mixture was stirred for 1 h. 
